Objectives: A loss of speech intelligibility at high presentation levels is called rollover. It is a phenomenon that increases in prevalence as people age. Whether the adverse effect of high presentation levels extends to processes subsequent to speech intelligibility, such as memory, is unknown. The present study examined this question on the basis of the previous finding that older but not younger adults showed memory impairment when acoustically distorted words were presented at 50 dB SL compared with an undistorted baseline presented at 65 dB SPL. One question investigated in the present study was whether a presentation level of 50 dB SL put older listeners at the cusp of rollover and whether this subsequently impaired memory. Moreover, we wanted to know whether and at what level it was possible to induce a similar impairment in younger listeners.
INTRODUCTION
Audiologists and hearing scientists are beginning to recognize that the implications of hearing loss go beyond speech recognition and include things such as comprehension, inference making, and memory (Pichora-Fuller & Singh 2006) . In fact, the ability to store and recall heard information is an important prerequisite for speech compre-hension. However, the relationship between successful word perception and successful subsequent memory encoding is not as straightforward as one might think. Several studies have found that under some circumstances, noisy backgrounds can impair a listeners' ability to recall words previously heard, even when their ability to recognize the words, when they are spoken, is at or near ceiling (Rabbitt 1968; Pichora-Fuller et al. 1995; Murphy et al. 2000; Heinrich et al. 2008; Sarampalis et al. 2009; Heinrich & Schneider 2010) . Although the circumstances in which words that are correctly perceived but are not adequately encoded in memory are not fully understood, the results to date suggest that the effect is more severe in older adults and those with hearing loss. Both of these groups tend to suffer from reduced audibility and are, as a consequence, subjected to higher presentation levels, either through talking louder or by amplifying the sound. However, we know that the benefit of raising the presentation level to compensate for sensitivity loss is limited and that when presentation levels become too high, the result is a reduction rather than an increase in intelligibility (the rollover effect; Jerger & Jerger 1971; Dirks et al. 1977; Bess et al. 1979) . This raises the possibility that a similar limitation to raised presentation levels exists for memory and that a listening situation can exist in which words, although still correctly recognized, become difficult to encode into memory if the presentation level is too high. In this study, we examine the extent to which the introduction of distortion affects memory and how memory for distorted words is affected by presentation level.
Memory in Noisy Backgrounds
A number of studies have examined the mechanisms by which noise interferes with memory and recall (Pichora-Fuller et al. 1995; Murphy et al. 2000; Schneider et al. 2000; Heinrich et al. 2008; Heinrich & Schneider 2010) . For instance, in a series of experiments, Murphy et al. (2000) and Heinrich et al. (2008 Heinrich et al. ( , 2010 ) used a paired-associate memory paradigm that was modeled based on that used in the study by Madigan and McCabe (1971) . In this paradigm, lists of five word pairs were presented to younger and older listeners at a rate of 4 secs per word pair in quiet and in various babble (12 people talking simultaneously) backgrounds. Eight seconds after the presentation of the last pair, the participant was presented with the first word of one of the pairs and asked to provide its companion word. In this paradigm, the term "serial position" refers to the presented word pairs such that the first serial position refers to the first word pair and so forth. It was assumed that the last two pairs of a list depended on working memory for recall, whereas the more temporally remote first three word pairs depended on a longer-term episodic memory system for successful encoding and retrieval (Madigan & McCabe 1971; Craik & Lockhart 1972; Floden et al. 2000) .*
In a first step, Murphy et al. (2000) presented the lists of word pairs to younger and older adults in a quiet background and in a background of continuous 12-talker babble. In quiet, younger and older adults performed equivalently in serial positions 4 and 5, but younger adults recalled more words than older adults in serial positions 1 to 3. In a continuous background babble that was adjusted to provide comparable intelligibility between the two age groups, younger adults' memory performance in positions 1 to 3 looked very similar to that of older listeners in quiet. However, older adults' memory performance was further decreased in all serial positions in a continuous babble background compared with quiet even though the intelligibility of the words in babble was equated to match that of younger listeners. Hence, noise can adversely affect memory in both younger and older adults, with the memory effects being larger in older than in younger adults.
These results are consistent with the notion that the attentional resources that individuals can bring to bear on a problem are limited (Kahneman 1973; Craik 2002) . When listening in noise, people have to divide their attentional resources between the task of extracting the words from the babble background and placing them in working memory and the task of transferring them from working memory to episodic memory (for pairs 1 to 3). To extract the signal, listeners first have to segregate the noise from the target (stream segregation ; Bregman 1990 ), a process that has been shown to require attention when complex sounds are involved (Snyder & Alain 2005; Alain & McDonald 2007) . Transferring information from working memory to a more stable and long-lasting (Craik & Lockhart 1972; Craik 1983; Floden et al. 2000) episodic memory also requires attentional resources (Craik 2002) . If resources are limited, either because of older age or because part of the same resources are involved in segregating the target words from babble background, recall from the first three serial positions can be expected to suffer first. Hence, the reason why older adults tested in quiet and younger adults tested in babble performed similarly in the study by Murphy et al. could reflect resource limitations in both instances. In older adults, the resources required for transferring words into episodic memory may be limited because of age-related changes in cognitive processes. In younger adults, this resource limitation may be a consequence of splitting attentional resources between stream segregation and transfer of words into episodic memory. The poorer performance of older adults in a babble background in all serial positions suggests that the combination of age and noise places such a strain on attentional resources that both episodic and working memory are affected in older adults.
In follow-up experiments (Heinrich et al. 2008; Heinrich & Schneider 2010) designed to characterize the influence of background babble on the episodic memory performance in more detail, it was shown that presenting the babble back-ground only between word pairs or gated on and off with the word pairs resulted in performance in the first three serial positions that was equivalent to that found in quiet for both younger and older adults. However, when babble was presented 500 msecs before the onset of a word pair and continued until 500 msecs after the offset of the last word in the pair, it produced the same decrement in the early serial positions in both age groups as that produced by continuous babble. These results indicated that babble only has an adverse effect on episodic memory in younger and older adults when it precedes and follows (flanks) a pair. Presumably, when the babble precedes the word pairs (or is on continuously), attentional resources that otherwise could be used to transfer the word pairs from working memory to episodic memory are diverted to stream segregation to better facilitate the extraction of the target words from the noise, thereby reducing the time that they are available to episodic memory processes.
It is interesting to note that the effects of babble during word presentation had a differential effect on working memory (serial positions 4 and 5) in younger and older adults. For younger adults, recall in positions 4 and 5 was unaffected by continuous, flanked, or gated babble. However, the recall performance of older adults in positions 4 and 5 was reduced by an equivalent amount for continuous and flanked babble, with the reduction being even more severe when the babble was gated on and off with the word pairs. One interpretation of this age effect is that stream segregation is slower in older than in younger adults. Slower stream segregation in older adults would lead to slower and less efficient lexical access, thereby affecting working memory operations, and, consequently, recall in positions 4 and 5. Moreover, we would expect the effect of babble on working memory to be less severe (as it was) when the babble is on before the words are presented, because the older adult has more time to build up the perception of a background babble before the target words are presented. The lack of an effect of babble on working memory in younger adults suggests that stream segregation is more rapid for them than it is for older adults.
Another possible explanation for older adult's poorer performance when the babble was gated on with the word pairs is that the simultaneous onset of the babble and word pairs required the immediate reallocation of attentional resources to permit listeners to overcome the phonemic degradation caused by the babble (Warren 1970; Ronnberg et al. 2008 ). If older adults were either slower to deploy or had fewer attentional resources than younger adults to devote to phonemic recovery, or if phomemic recovery required more of these resources in older than in younger adults, older adults would have fewer attentional resources available to them for memory processes. Hence, either slower stream segregation or a greater need for and perhaps slower deployment of attentional resources to recover from phonemic distortion would result in older adults' memory being more vulnerable in a noisy background.
Further evidence that working memory (recall performance in serial positions 4 and 5) is more susceptible to interference in older adults than in younger adults comes from studies in which the word pairs, rather than being masked by noise, are distorted instead (Heinrich & Schneider 2010) . When word pairs were degraded by physically distorting (jittering) them rather than presenting them in babble, older listeners also showed a decrease for the last two word pairs under one of the *Working memory is responsible for the processing and temporary storage of task-relevant information during the performance of everyday cognitive tasks such as speech (Carpenter & Just 1989) . Here, we assume that the last two presented words are still available and retrievable from working memory. Episodic memory refers to the long-term storage of past events or episodes (Hebb 1949; Brown 1958; Peterson & Peterson 1959) . It is assumed here that words from the more remote serial positions have been transferred from working memory to episodic memory and are retrieved from there. two jitter conditions, whereas younger adults again remained unaffected throughout. (Note that in the spectral domain, distorting the words is equivalent to presenting the words in a band of noise that is gated on and off with word presentation.) Hence, the poorer performance for distorted words by older adults in the last two serial positions could reflect a slowing of access to the lexicon due to the introduction of distortion.
With regard to the negative memory effect for one but not the other type of distortion, Heinrich and Schneider (2010) argued that the two types of jitter differed in the spectral spread they caused, and the noise floor was substantially lower for one type of jitter than for the other. Older adults' memory was only affected for the jitter condition in which the signal-to-noise ratio (SNR) was low (i.e., the noise floor was high). Hence, their explanation for the differential effects of the two types of jitter on memory in older adults was that jitter interfered with memory when the spectrum level of the noise floor of the jittered word was high relative to the spectrum level of the word.
The present experiment was designed to investigate an additional factor that might have played a role in explaining the different results for younger and older adults for word distortion, namely, that one type of jittering produced rollover effects in older adults. The following section will review previous findings to rollover and age. At this point, it shall only be noted that several things might have promoted the occurrence of rollover in the older listeners in the study by Heinrich and Schneider (2010) : (1) words were distorted, (2) the distorted words were presented at a higher signal level for older than younger adults to ensure equal intelligibility, and (3) rollover can occur at a lower level for older than for younger adults. Together, these factors may have caused subtle effects of rollover on memory for older adults, which were not sufficiently intense to affect intelligibility.
Level Effects and Rollover in Speech Perception
In the study by Heinrich and Schneider (2010) , participants listened to all speech material at 50 dB above their respective speech threshold (the softest level of speech they could perceive), which is denoted as their sensation level (SL). For younger adults, this translated into an average presentation level of 66 dB SPL; for older adults, it was a level of 73 dB SPL. This approach to setting the presentation level had been chosen because older but not younger adults showed signs of presbycusis as measured by audiometric thresholds, even though only older adults with audiometrically normal hearing within the speech range (up to 3 kHz) had been included in the study. We do not claim that these older listeners had normal hearing with respect to all hearing functions. While one may think that increasing the presentation level in response to increased hearing loss would serve to restore intelligibility, various studies suggest that this is true only to a certain extent. Studies of the effect of presentation level on speech perception accuracy have shown that speech intelligibility increases with increasing presentation level until it reaches an asymptotic value, typically near 100%. Further increases in level not only do not lead to a further increase in intelligibility but also can result in a loss of intelligibility for some listeners. This phenomenon is called the "rollover" effect (Jerger & Jerger 1971; Dirks et al. 1977; Bess et al. 1979) .
Rollover is most often associated with retrocochlear pathology (Martin 1997; Stach 1998 ) even though a small effect of the magnitude of about 10% can also be shown for listeners with cochlear dysfunction (Jerger & Jerger 1971; Dirks et al. 1981) , particularly if the audiometric hearing loss is only moderate and does not exceed 45 dB HL PTA (Jerger et al. 1971) . To elicit the effect, the sound level usually needs to exceed 70 dB SPL (Jerger et al. 1971; Studebaker et al. 1999; Miranda & Pichora-Fuller 2002) . Last, the rollover effect appears to increase in prevalence as people age (Jerger & Jerger 1971; Gang 1976; Dirks et al. 1977; Shirinian & Arnst 1980) .
In fact, in younger normal-hearing adults, a rollover effect can be difficult to elicit, and even be impossible to show, when perceptually intact words in a quiet background are used (Studebaker et al. 1999; Miranda & Pichora-Fuller 2002) . It is more likely to occur in younger adults when words are embedded in background noise (Studebaker et al. 1999) or perceptually distorted (Miranda et al. 2002) . Importantly, to elicit the effect, stimulus presentation levels have to be well above the level at which the correct reporting of words reaches its maximum level (Dirks et al. 1977; Studebaker et al. 1999; Miranda & Pichora-Fuller 2002) .
In summary, older listeners are more likely to be affected by rollover than younger adults and are affected at lower intensity levels. Therefore, it is possible that the older listeners in the previous study were approaching or had reached the rollover portion of the speech intelligibility function when tested at 50 dB SL. It is the goal of the present study to test whether rollover can adversely affect memory even after controlling for intelligibility. As far as we are aware, this is the first study that moves beyond intelligibility as an outcome measure of rollover and examines the effects of high presentation levels on memory performance. We believe that presentation level might adversely affect memory independent of its effects on intelligibility because memory encoding operates on the perceptual representation of a word. If the perceptual representation is compromised due to subtle effects of rollover, possibly even too subtle to manifest themselves in intelligibility, then memory encoding could be compromised as well.
To keep the comparability with Heinrich and Schneider (2010) , all speech material was distorted using a technique called jittering (Miranda & Pichora-Fuller 2002; Pichora-Fuller et al. 2007 ). This technique also allowed us to equate intelligibility between the two age groups at a level below ceiling while taking into account various degrees of rollover. As a result, conditions with ostensibly more rollover received less jittering to achieve the same intelligibility score as conditions with less rollover. To understand how jittering distorts a sound, consider an undistorted signal, y(t). The jittering process distorts the signal by introducing a variable time delay such that the distorted signal x(t) is given by y(t Ϫ ␦), where ␦ is a variable that changes randomly over time. Thus, x(t) either leads or lags y(t) depending on whether ␦ is positive or negative. The value of ␦ is determined by the amplitude of a low pass-filtered white noise. The range of variation of ␦ (which has a mean value of 0) is determined by the root mean square (rms) value of the low-pass noise. The rate of change in ␦ is controlled by the band limit (expressed in Hz) of the low-pass noise. For further details concerning this method, see the article by Pichora-Fuller et al. (2007) .
Given that we set out to investigate an alternative reason for the memory decrement in one of the jitter conditions in the study by Heinrich and Schneider (2010) , we used the same rate of change in time delay as in the condition in question (100 Hz bandwidth [BW] ) and only varied the range of time delays introduced into the signal to bracket the value that yielded an intelligibility score closest to 91%. Moreover, also following the study by Heinrich and Schneider (2010) , we used a combined baseline (words presented in quiet with babble optionally present between the word pairs) to increase power in the statistical analyses performed.
EXPERIMENT 1 Heinrich and Schneider (2010) presented jittered word pairs at an SL of 50 dB. In this experiment, the jittered words were presented at 40 dB SL. Because the translation of SPL to SL varies between listeners and because different groups of participants were used in the two studies, a reduction of presentation level from 50 to 40 dB SL resulted in a change of average SPL from 66 dB to 55 dB for younger adults and from 73 dB to 65 dB for older adults. Because the different groups used for the 40 and 50 dB SL conditions had different average audiometric sensitivity, a 10 dB reduction in SL did not result in an equivalent reduction in average SPL. On the basis of rollover studies, we expected the higher average presentation level of 66 dB SPL in younger listeners to be well below the point at which rollover occurs in younger adults, hence lowering the presentation level to 55 dB SPL was not expected to improve the perceptual representation of the stimulus and therefore memory. Conversely, for older adults, the picture was less clear. Possibly, 73 dB SPL (50 dB SL) in the previous study represented the lower end of the rollover region, and therefore lowering the level to 65 dB SPL (40 dB SL) might eliminate subtle negative effects on the perceptual representation of the word pairs and improve memory.
Methods
The stimuli, apparatus, testing protocols, subject pools, and research technicians were identical to earlier studies Heinrich et al. 2008; Heinrich & Schneider 2010 ).
Hence, we feel justified to use comparison data where applicable.
Participants
Fifteen younger and 15 older adults participated in the main portion of this study. An additional 10 younger and 9 older adults participated in a preliminary experiment to determine the degree of jitter to be employed in the main experiment. The details concerning age, years of education, and Mill Hill vocabulary score of both age groups in Experiments 1 and 2 are given in Table 1 . The details of the 50 dB SL comparison groups taken from the study by Heinrich and Schneider (2010) are also reprinted in Table 1 . Younger adults were undergraduate students at the University of Toronto. Older participants were adults from the local community. In exchange for their participation, participants received $10 per hour.
Material
The same speech material as in previous studies (Heinrich et al. 2008; Heinrich & Schneider 2010 ) was used. The material consisted of a total of 400 two-syllable common nouns with a frequency of more than 1 per million (Kucera & Francis 1967) . The individual words, spoken by a female speaker, were digitally recorded at a sampling rate of 20 kHz within a single-walled sound-attenuating chamber. All recordings had similar rms values. For stimulus presentation, the words were delivered through a 16-bit digital-to-analog converter (TDT DD1) followed by a 10-kHz low-pass filter (TDT FT6-2, 60 dB attenuation at 11.5 kHz), a programmable attenuator (TDT PA4), and a weighted signal mixer (TDT SM3). All testing took place in a double-walled sound-attenuating chamber. For a more detailed description of the material, see the article by Heinrich and Schneider (2010) .
Procedures
Audiometric Testing • Pure-tone air conduction thresholds were determined for all participants for nine frequencies between 0.25 and 8 kHz and used as inclusion criteria for the study. This was done to minimize the possibility that audiometric differences could act as an explanation for the potential differences in the memory task between the two age groups. First the left then the right ear was tested using an Interacoustics Model AC5 audiometer. To participate in the study, participants were required to have pure-tone air conduction thresholds of Յ30 dB HL (ANSI 1996) at all frequencies between 0.25 and 2 kHz, Յ35 dB HL at 3 kHz in the test ear, and Յ45 dB HL at 4 kHz. There were no requirements for frequencies Ͼ4 kHz. Moreover, listeners were permitted to exceed these criteria at one test frequency by 5 dB HL. Figure  1 shows average audiometric thresholds for the left ear of younger and older participants in this and the next experiment. The right ear (not shown) showed comparable results. Young listeners generally showed very little hearing loss in either ear across all tested frequencies. Older listeners, as a group, showed a symmetrical and sloping hearing loss in both ears that progressed from a mild loss in frequencies below 3 kHz to a moderate loss in the frequencies between 3 and 8 kHz. The mean audiograms looked very similar for the groups participating in the perceptual and memory parts of the two experiments.
Babble Threshold • The procedure was the same as in previous studies Heinrich et al. 2008; Heinrich & Schneider 2010) . To briefly summarize, the threshold for detecting a speech babble was determined for each individual listeners by means of an adaptive two-interval forced-choice procedure. A 12-talker babble segment was presented in one of two randomly chosen intervals, and the remaining interval contained silence. The babble was taken from the modified Speech Perception in Noise (SPIN) test (Bilger et al. 1984) . After initiating each trial by pressing the middle button on a three-button box, the listener indicated which of two 1.5-sec long intervals contained the babble. Lights above the two outer buttons indicated when an interval occurred, and the light associated with the interval containing the babble flashed immediately after the button press for feedback. We used a three-down, one-up adaptive technique (79%, Levitt 1971) to determine the babble threshold starting at 50 dB SPL. The session was terminated after 12 reversals (change from decreasing to increasing intensity level or vice versa) in total, but only the recordings from the last eight were averaged for the babble threshold. The speech threshold was obtained for the right ear first and the left ear second. Because stimuli were presented to the left ear during these experiments, Table 1 presents babble thresholds for the left ear only.
Finding the Appropriate Jitter Levels • The 400 words used in the memory part of the experiment were presented in 10 lists of 40 words each. The words in each list were jittered at one of five rms values (0.3, 0.35, 0.4, 0.45, and 0.5 msecs), which had been selected on the basis of pilot testing to bracket a word report score of 91%. The rate of change given by the bandwidth of the noise signal was kept constant at 100 Hz. The pairing of lists with rms values, as well as the order of list presentation, was counterbalanced across participants. The words in a list were presented over earphones (TDH-49) to the left ear at a rate of one every 5 secs at an intensity level of 40 dB SL, that is, 40 dB above each individual's babble threshold (SL). Ten younger and nine older participants were asked to listen to and repeat each word. They were encouraged to guess whenever they did not hear a word properly. There were no practice trials, and no feedback was given. Participants were given a short break after the presentation of the fifth list. The experimenter, positioned outside the sound-attenuating booth, monitored the participant's performance by means of headphones. The listener's answers were compared with a checklist containing all the words, and misidentified words were noted down. Moreover, all answers were tape-recorded and doublechecked. For that purpose, an individual different from the experimenter listened to the tape and compared the participant's answer with the answer written down by the experimenter. Discrepancies, which were very rare, were settled by consensus. Table 2 details average word report scores for each jitter level in this and the following experiment. The table also displays the word report scores for jittered words presented at the same five distortion levels but at 50 dB SL in the previous study by Heinrich and Schneider (2010) . When the words were presented at 40 dB SL, the rms level that yielded an intelligi- Schneider 2010 ) in which the same words were presented at 50 dB SL are also provided.
TABLE 2. Mean intelligibility scores (and SE) for younger and older adults for each rms distortion level tested in Experiments 1 (40 dB SL) and 2 (UCL). The results of a previous experiment (Heinrich &

Experiment
Age bility performance closest to the 91% was 0.4 msecs for younger and 0.35 msecs for older listeners. These two rms values were subsequently used to distort the words for the memory task. This procedure assumes that the intelligibility results obtained for the groups of younger and older adults in this part of the experiment will generalize to a similar degree to the respective age group in the next part of the study. The comparable size of the standard error in Table 2 between both groups suggests that this assumption is reasonable.
Word Recall • Fifteen participants in each age group listened to 40 lists containing five word pairs each. The words were randomly paired, with any obvious association between two words being avoided. Four seconds after a short warning tone (1 kHz at 90 dB SPL for 500 msecs) had indicated the beginning of a list, the first word of the first pair was presented. Within each pair, there was a silent period of 100 msecs between the words; the word pairs were played with a presentation rate of one pair every 4 secs. Four seconds after the start of the final word pair, a short warning tone indicated the beginning of the recall phase. After another 4 secs, participants were cued with the first word from one of the five previously presented word pairs and were asked to recall the second word of the pair. Only one pair from each list was cued. There was no time limit placed on the recall. Participants were encouraged to guess. The first serial position refers to the first word pair and so forth. List order was identical for all participants, and the serial position of each word pair within the five word pair list was tested an equal number of times (eight times) within a session. The order in which the serial positions were tested was independently and randomly determined for each participant. There were no practice trials, and no feedback was provided. There was a break after the presentation of the first 20 lists. Memory performance for each serial position was measured. At encoding, all words were jittered according to the levels in Table 2 . When one of the words was re-presented at the retrieval, this word was undistorted.
Results
Figure 2 plots memory performance (percentage of correctly recalled words) as a function of serial position for younger (plot A) and older (plot B) adults (triangle). For comparison purposes, two results from a previous study (Heinrich & Schneider 2010 ) are also displayed: (1) a combined baseline for memory of undistorted words (circle), (2) memory performance for jittered words presented at 50 dB SL for which the rate of change (signified by bandwidth) was identical to the current experiment but whose rms distortion values were adjusted to slightly higher value (0.5 msecs for younger and 0.4 msecs for older adults) to yield 91% perceptual accuracy (square).
The result of the present study was compared with these earlier results in an Age (Young, Old) by Serial Position by Experiment (combined baseline, 40 dB SL 100 Hz, 50 dB SL 100 Hz) mixed-measures ANOVA, with Age and Experiment as between factors and Serial Position as within-subject factor. The analysis shows main effects of Serial Position (F[4,456] ϭ 140.56, MSE ϭ 259.00, partial 2 ϭ 0.55, p Ͻ 0.0001) and Age (F[1,114] ϭ 28.097, MSE ϭ 1208.75, partial 2 ϭ 0.20, p Ͻ 0.0001). In addition, all two-way interactions were significant: Age by Serial Position (F[4,456] ϭ 3.98, MSE ϭ 259.00, partial 2 ϭ 0.034, p ϭ 0.003); Serial Position by Experiment (F[8,456] ϭ 2.76, MSE ϭ 259.00, partial 2 ϭ 0.05, p ϭ 0.006); and Age by Experiment (F[2,114] ϭ 3.28, MSE ϭ 1208.75, partial 2 ϭ 0.05, p ϭ 0.041).
As can be seen in Figure 2 , there is no effect of Experiment and no Experiment by Serial Position interaction for younger adults. There is only the usual main effect of serial position (F[4,228] ϭ 56.44, MSE ϭ 252.60, partial 2 ϭ 0.50, p Ͻ 0.0001). Hence, for younger adults, there is only a serial position effect while the presentation level of the jittered words has no significant effect on memory. For older adults, in addition to main effects of Serial Position (F[4,228] ϭ 87.33, MSE ϭ 265.40, partial 2 ϭ 0.61, p Ͻ 0.0001, Greenhouse-Greiser correction for violation of sphericity) and Experiment (F[2,57] ϭ 6.20, MSE ϭ 975.51, partial 2 ϭ 0.18, p ϭ 0.004), there is also a significant Serial Position by Experiment interaction (F[8,228] ϭ 2.40, MSE ϭ 265.40, partial 2 ϭ 0.08, p ϭ 0.024, Greenhouse-Greiser correction for violation of sphericity). Further testing revealed that the interaction effect involving Experiment in older adults occurs because at serial position 2 for the baseline condition and at serial position 4 for the 40 dB SL 100 Hz jitter condition, recall drops to levels close to the 50 dB SL 100 Hz jitter condition. When these serial positions are removed from the model, the interaction disappears. For the remaining three serial positions, there is a clear drop in memory for jittered words presented at 50 dB SL. This result, presented in Figure 2 , suggests that a high presentation level can impair memory, a result that is consistent with and extends the existence of rollover in older listeners.
Additional evidence for the fact that older but not younger listeners were indeed at the cusp of the rollover effect at 50 dB SL is provided by the function that relates intelligibility to distortion. When we analyzed the intelligibility values for each distortion level (0.3, 0.35, 0.4, 0.45, and 0.5) as within-subject factor and two presentation levels (40 dB SL 100 Hz and 50 dB SL 100 Hz) as between-subject factor in a mixed-measures ANOVA for younger listeners, there was a main effect of distortion level (F[4,72] ϭ 11.62, MSE ϭ 15.885, partial 2 ϭ 0.39, p Ͻ 0.001) and of presentation level (F[1,18] ϭ 5.48, MSE ϭ 99.80, partial 2 ϭ 0.23, p ϭ 0.03, 50 dB SL Ͼ40 dB SL) but no interaction (F Ͻ1). When the same analysis was run for older listeners, there was only a main effect of distortion level (F[4,68] ϭ 15.38, MSE ϭ 15.43, partial 2 ϭ 0.48, p Ͻ 0.001) (all other F's Ͻ1). Hence, reducing the presentation level from 50 to 40 dB SL significantly reduced the level of distortion required for 91% intelligibility in younger adults. In other words, younger adults could tolerate more distortion at the higher presentation level for a set level of intelligibility. The same was not true for older adults. If one can assume that intelligibility is a U-shaped function that improves and becomes more resilient against distortion with increasing sound level, and then reaches a peak and starts to decline again at high levels, it looks as if younger listeners had not yet reached that peak at 40 dB SL whereas older adults had. This in turn makes it more likely that some older listeners may have been at the verge of crossing over to the rollover portion of the function. Interestingly, the effect of high presentation level was not pronounced enough to impair intelligibility, yet an adverse effect occurred for older adults' memory performance. Because this memory effect in older adults was associated with an average presentation level of 73 dB SPL, we might expect to find additional negative effects on memory at presentation levels higher than 73 dB SPL in older adults when words are distorted.
EXPERIMENT 2
Experiment 2 aimed to replicate for younger adults the adverse effect that high presentation level can have on memory performance of older adults. We chose a presentation level at which some rollover is likely to occur, even for younger listeners. Our choice of presentation level was informed by a study by Miranda and Pichora-Fuller (2002) who presented younger adults with jittered words in an intelligibility task at different presentation levels. At a sound level near the uncom-fortable listening level (UCL) (Stach 1998) , jittered words showed a clear rollover effect. Therefore, we chose the UCL as our presentation level. According to Mueller and Bright (1994) , the UCL is a level somewhere between the initial discomfort experienced when first listening to a loud sound and extreme and sustained discomfort that arises with very loud sounds.
Methods Participants
A total of 33 younger adults participated in the study. The details concerning age, years of education, and Mill Hill vocabulary score are given in Table 1 . All participants were undergraduate students at the University of Toronto and received $10 per hour in exchange for their participation.
Material
The same speech material as in Experiment 1 was used.
Procedures
Audiometric Testing • Audiometric testing procedures were the same as in experiment 1. The results for this second group of younger listeners are displayed in Figure 1 .
Finding the Uncomfortably Loud Listening Level
• Instead of obtaining the participants' speech threshold, their uncomfortable listening level (UCL) was determined following the procedure proposed by Mueller and Bright (1994) . A continuous speech file was presented to the participants' right ear at a level of 60 dB SPL. After listening to the speech stimulus for some time, the participant rated its loudness on a 6-point scale containing the following categories: soft, slightly soft, comfortable, slightly loud, annoying, and uncomfortably loud. Then, the level of the speech signal was increased by 5 dB, and the rating was repeated. The intensity level of the stimulus was increased until the listener reported the stimulus to be uncomfortably loud or until a presentation level of 110 dB SPL was reached. The procedure was then repeated in the same ear with starting levels of 70 and 50 dB SPL, respectively, to minimize the influence of anchor effects on ratings. Subsequently, the left ear was tested with the same protocol. The three UCL measurements obtained for each ear were averaged, and the presentation level of the word pairs was set to 5 dB below this average or to 100 dB SPL if the averaged UCL was higher than 105 dB SPL. The mean intensity levels for uncomfortable listening in this experiment are displayed in Table 1 under the heading "babble threshold." UCLs did not differ significantly between those listeners in the perception and the memory part of the study.
Finding the Appropriate Jitter Levels • After the uncomfortable listening level had been found for each listener, intelligibility for single words was measured for various amounts of jitter. The same procedure as in Experiment 1 was used. A group of 10 listeners was tested at each of five jitter levels (0.3, 0.35, 0.4, 0.45, and 0.5 msecs) at their individual UCL. The results are summarized in Table 2 . They show that an rms value of 0.45 msecs produced an intelligibility score closest to 91%. A mixed-measures ANOVA with distortion level as within-subject variable and presentation level (50 dB SL 100 Hz, UCL 100 Hz) as between-subject variable only showed a reliable effect of jitter level (F[4,72] ϭ 7.47, MSE ϭ 13.49, 2 ϭ 0.29, p Ͻ 0.001) but not of presentation level or the interaction between the two. Word Recall • The word pairs were jittered at an rms level of 0.45 msecs and a bandwidth of 100 Hz and presented at the individual UCL to each of the 23 younger participants. The procedure of the memory test itself was the same as in Experiment 1. Figure 3 plots the percentage of correctly recalled words as a function of serial position in this experiment (circle). For comparison purposes, memory performance for jittered words presented at 50 dB SL is replotted from Heinrich and Schneider (2010) (square) . In that study, the rate of change (signified by bandwidth) for the jitter was identical with that used in the current experiment, but the rms value was adjusted to a slightly higher value (0.5 msecs) to yield 91% perceptual accuracy.
Results
The result of the present study was compared with the earlier result in a Serial Position by Presentation Level mixedmeasures ANOVA with Presentation Level (50 dB SL 100 Hz, UCL 100 Hz) as between and Serial Position as within-subject factor. The analysis shows main effects of Serial Position (F[4,144] ϭ 26.17, MSE ϭ 293.07, partial 2 ϭ 0.42, p Ͻ 0.0001) and Presentation Level (F[1,36] ϭ 4.09, MSE ϭ 1341.62, partial 2 ϭ 0.10, p ϭ 0.05). The interaction was not significant (F Ͻ1).
The results of Experiment 2 for younger adults show the same effect of level as the results of Experiment 1 for older adults. First, there was no significant increase in intelligibility when the presentation level was increased from 50 dB SL to the UCL. This suggests that younger listeners had reached at least the asymptote on the performance-intensity function for jittered words and that perceptual accuracy was starting to decrease with further increases in level. Second, even though perceptual accuracy was equated between 50 dB SL and UCLs, memory performance was still lower for the UCL condition than for the 50 dB SL condition.
Discussion
The study investigated the effect of high presentation level on memory performance for younger and older listeners. The study was inspired by work on the rollover effect, which showed that high presentation levels can lead to decreased intelligibility and that older adults are affected more often and at lower levels. The results show that high presentation levels for distorted words adversely affect memory, even after equating for word intelligibility. This suggests that a high presentation level exerts a unique effect on memory performance that is not accounted for by intelligibility. The study also shows that both age groups are affected but that older adults are vulnerable to this effect at lower presentation levels than younger adults. We are aware that older adults as a group are less homogeneous than younger adults and that age-related hearing loss adds internal noise for older listeners. However, by choosing a lower jitter level for older listeners, we hoped to equate for these differences in peripheral functioning.
There still remains the question of why presenting distorted words at a sensation level of 50 dB SL resulted in memory loss for one of the jitter conditions but not the other. Recall that from a spectral point of view, the level of spectral splatter produced by one kind of jitter (the 100 Hz bandwidth studied here) was much higher than that produced by words jittered with a 500 Hz bandwidth, with memory being affected for a presentation level of 50 dB SL in the former but not in the latter. Because rollover is more likely to occur in a noise background (Studebaker et al. 1999) , we attributed the difference in the amount of memory rollover to the differences in spectrum levels of the spectral splatter in the jittered words.
It would also be important to determine the extent of any "memory" rollover effect in listeners with a clinically significant hearing loss. Because the rollover effect is likely to occur at lower levels in such individuals (Martin 1997; Stach 1998) and because the compression algorithms employed in hearing aids inevitably introduce distortion, we might expect such individuals to experience a significant memory impairment (as measured in a serial position experiment) at presentation levels that are lower than those of normal-hearing listeners. Information about potential memory impairments due to high levels of amplification and/or distortion could then be used to inform the clinician when fitting hearing aids.
This study also demonstrates the importance of choosing an appropriate presentation level, especially when testing older adults. Louder is not always better, not only with respect to speech recognition but also with respect to memory for heard material. Moreover, the results suggest that there might be situations in which memory performance might serve as a sensitive measure of perceptual manipulations, particularly when perceptual factors may exert a strong effect on the processes subsequent to intelligibility. Fig. 3 . Average percentage of correctly recalled word pairs and SE of the mean by younger listeners for word pairs presented jittered at 100 Hz bandwidth and presented at 50 dB SL and uncomfortable listening level. The results for the 50 dB SL condition are reprinted from Heinrich and Schneider (2010) .
